The structure of the mineral schafarzikite, FeSb 2 O 4 , has one-dimensional channels with walls comprising Sb 3+ cations; the channels are separated by edge-linked FeO 6 octahedra that form infinite chains parallel to the channels. Although this structure provides interest with respect to the magnetic and electrical properties associated with the chains and the possibility of chemistry that could occur within the channels, materials in this structural class have received very little attention.
INTRODUCTION
The tetragonal mineral schafarzikite (FeSb 2 O 4 ; P4 2 /mbc a = 8.62 Å c = 5.91 Å) 1 is of significant interest because of its unusual one-dimensional (1-D) structural characteristics and its ability to display a high degree of compositional flexibility. The structure is related to that of rutile, TiO 2 , but neighboring chains of edge-shared transition metal octahedra, MO 6 , along [001] are now separated: in contrast to the rutile structure, the chains do not share anions with adjacent chains but are connected through O−Sb−O linkages (Figure 1 ). In FeSb 2 O 4 , the chains of octahedra contain Fe 2+ (A-site), and Sb 3+ (B-site) provides the link. The B-site has trigonal pyramidal coordination, SbO 3 , which can also be regarded as pseudotetrahedral, SbO 3 E, by including the stereochemically active lone pair of electrons (E). These electron pairs appear crucial for stabilizing the second key structural feature: channels that exist along [001], parallel to the chains of octahedra. Sb 3+ ions form the channel walls and their lone pairs, E, are directed into the channels.
The structure can accommodate a range of cations on both the A-site 2−7 and B-site. 8−10 Partial substitution of aliovalent cations at the B-site in MSb 2 O 4 , e.g., Pb 2+ for Sb 3+ , has previously been examined with the expectation that oxidation of M 2+ to M 3+ will provide charge balance and allow control over electronic and magnetic properties. Although this strategy may result in simultaneous or preferential oxidation of Sb 3+ , resulting in mixed phase products, 11, 12 we have recently achieved complete success for M = Fe, where controlled oxidation of Fe 2+ to Fe 3+ has been achieved. 13 Examination of the physical properties of materials related to FeSb 2 O 4 has, to date, been largely limited to the magnetic properties of phases containing transition metal ions, 7,12−15 for which the link between composition, structure, and magnetic order is now well understood. 7, 14 A complex interplay between three magnetic exchange pathways determines the magnetic ground state: intrachain direct M−M exchange, 90°superexchange along a chain, and a weaker but significant interchain M−O−Sb−O−M exchange. All systems are antiferromagnetic except for CuAs 2 O 4 which is ferromagnetic at low temperatures. 16 The chemical reactivity of the materials has received even less attention. This is surprising since the structural channels display a feature which, to the best of our knowledge, is unique: cations (Sb 3+ ions) form the channel walls, whereas channels in oxide materials normally have walls of O 2− ions such that the cavities are suitable hosts for cationic species. Channel walls in aluminosilicates, for example, are O 2− ions from Al/SiO 4 tetrahedra. In schafarzikites, therefore, we could anticipate the chemical insertion of anions rather than cations, and here we demonstrate the first example of such a reaction where a unique oxidation mechanism occurs for phases with Asites containing some Fe 2+ ions and B-sites containing some Sb 3+ ions. Oxygen insertion into the channels occurs at low temperatures (for solid state reactions) to provide new metastable phases in which simultaneous oxidation of both Fe 2+ and Sb 3+ has occurred; the proposed mechanism provides suitable chemical environments for both the Sb 3+ and Sb 5+ cations that bond to the interstitial O 2− ions.
The low-temperature oxidation mechanism discussed here is thought to be unique and suggests high oxygen and/or oxide ion mobility within the channels. It is pertinent to note that low-dimensional structures containing partially filled oxide ion sites have recently gained interest for energy materials since they can provide an interstitial mechanism for oxide ion migration rather than the normal vacancy driven mechanism that occurs, for example, in the fluorite solid electrolyte YSZ, 17 This interest also extends to cathode materials where mixed conductivity is required. A recent example is the study of the oxygen excess, mixed conducting, Ruddlesden− Popper phases (La,Pr) 2 (Ni,Co)O 4+δ 18 where the excess oxygen enters the structure between two adjacent rocksalt-related layers and can coordinate tetrahedrally to lanthanide ions. In this respect, materials with channels containing highly mobile interstitial oxide ions would be of special interest. Given that a range of transition metals can occupy the chains of octahedra, the focus of this study is therefore also highly relevant to the search for new catalysts and electrocatalysts.
EXPERIMENTAL SECTION
A variety of compounds with the schafarzikite structure were synthesized by heating intimately ground stoichiometric mixtures of dried metal oxides and metals in evacuated, sealed quartz tubes at 600−750°C for 6 h periods with intermittent grinding. Alumina inserts were used to prevent reaction with the quartz. Critical to the results presented in this paper is the amount of Fe 2+ per formula unit (pfu); this was controlled by either isovalent cation substitutions at the A-site or aliovalent substitution of Pb 2+ for Sb 3+ at the B-site, and compositions with particular relevance to this paper are given in Table  1 . The compositions reported here were chosen to provide important control of the Fe 2+ content (given in Table 1 ); this was kept quite low to avoid large oxygen absorption, which was found to result in broadened diffraction peaks. Both Mg 2+ and Co 2+ substitutions for Fe 2+ were used to provide substantial differences to electronic conductivity within the chains of octahedra. The partial substitution of Pb 2+ for Sb 3+ not only reduced the Fe 2+ content but also enhanced the high temperature stability which was important for revealing that the oxidation involved two discrete steps. Oxidised phases were created by heating samples in air or oxygen. For 17 3. RESULTS 3.1. Thermogravimetric Analysis (TGA). Mass changes for three representative samples heated in oxygen gas are shown in Figure 2 . All are unstable above 600°C and form and is observed only in samples containing Fe 2+ ; moreover, the mass increase at this plateau is related to the amount of Fe 2+ in the sample (see Figure 3 ). It is assumed that for all materials investigated, the substitution of Pb 2+ for Sb 3+ is balanced only by oxidation of Fe 2+ to Fe 3+ in accordance with previous studies. 13 The clear link between the mass increase and the Fe 2+ content of the sample may, at first sight, suggest that for every O 2− ion absorbed, charge balance is satisfied by oxidation of 2Fe 2+ to 2Fe 3+ . However, a critical feature for all samples exhibiting the low temperature plateau is that the amount of oxygen absorbed is, in fact, significantly higher than that expected for oxidation of all Fe 2+ to Fe 3+ . This is clear in Figure  3 which also shows that the oxygen uptake at low Fe 2+ contents (up to 0.50Fe 2+ pfu) is, in fact, approximately twice that expected. Two possibilities were considered as plausible explanations: either other cations, in addition to Fe 2+ , are oxidized (or higher oxidation states of Fe are formed), or oxygen enters as peroxide ions, O 2 2− , rather than O 2− ions. A structural study was therefore conducted to determine the precise nature of the structural changes that occur during oxidation.
3.2. Structure of FeSb 1.25 Pb 0.75 O 4+y . Powder X-ray diffraction (PXRD) analysis of samples obtained by cooling from the low temperature plateaus on the TGA plots revealed that the basic structure had been retained (space group P4 2 / mbc) but with changes to the unit cell dimensions: a reduction in a and increase in c. This is similar to that observed when Pb 2+ is substituted for Sb 3+ in FeSb 2 O 4 , where oxidation of Asite cations within the chains of octahedra results in increased intrachain Fe−Fe repulsions and consequently an expansion of c. For samples with large Fe 2+ contents, e.g., FeSb 2 O 4 , the large amount of oxygen incorporation resulted in a degree of structure degradation; structure determination was therefore focused on the oxidation product of FeSb 1.25 Pb 0.75 O 4 , which initially contained 25% Fe 2+ and 75% Fe 3+ . 13 Figure 3 shows that a significant oxygen uptake occurs for this composition, and a sample for NPD study (∼4 g) was prepared by heating in air at 400°C for 12 min. TGA suggested that the final composition was FeSb 1. 25 (1) at ambient temperature. Because of the relatively small change in composition, structure refinement based on the structure of the stoichiometric, unoxidiszed material gave a good fit to the data. However, difference Fourier maps suggested additional scattering density within the channels, as shown in Figure 4 ; inclusion of an oxide ion into the refinement at the suggested position resulted in a small, but statistically significant, improvement to the fit (χ 2 decreased from 2.6 to 2.2). The profiles for the refinement are given in Figure 5 , and the refined structural parameters are given in Table 2 where O3 represents the incorporated interstitial oxygen, O1 the apical and O2 the equatorial positions (see Figure 1 ). The disorder, from both the mixed Sb/Pb on the 8h-site and the interstitial oxygen, resulted in (1) . The refined structure is shown in Figure 6 , and some bond distances and bond valence sums (BVS) 19 are given in Table 3 . The shortest O3−O3 distances are 1.09(3) Å and 1.54(5) Å, the latter being across the center of the channel as shown in Figure 6 . Although these distances are too short for fully occupied sites, it should be noted that only 6% of the 16i-sites are actually occupied, so the model is entirely satisfactory for such an average structure. Table 3 gives the BVS for Fe (2.91) based on the r o parameter for Fe 3+ , 1.759. 19 This methodology has previously been found to yield excellent agreement between the Fe BVS and the Fe oxidation 13 For the Fe oxidation states of 2.45+, 2.50+, and 2.70+, the bond distances in ref 13
give BVS values of 2.54, 2.54, and 2.64. The BVS of 2.91 (Table  3 ) therefore provides strong evidence that the oxygen incorporation has resulted in complete oxidation of the Fe 2+ present to Fe 3+ . However, the increase in oxygen content determined by the O3 occupancy is approximately twice that expected for a model in which insertion of O 2− ions is accompanied by oxidation of all Fe 2+ to Fe 3+ . The O3−O3 separation of 1.54 Å across the center of the channel is therefore of particular interest since it is similar to the O−O separation in simple peroxides, e.g., 1.49 Å in Na 2 O 2 . 20 The existence of peroxide (or even superoxide) links within the structure could explain why the observed mass increase is higher than that expected for simple oxidation of Fe 2+ to Fe 3+ . A possible O−O linkage is marked in Figure 6 , where the O3 species are bonded to Sb/Pb at a distance of 1.91(4) Å (Table  3 ).
Structural Changes during Oxidation.
In order to obtain more detailed information on the structural changes occurring during the oxidation, and hence the mechanism involved, an in situ NPD study was conducted (D20 at ILL, Grenoble, λ = 1.5430 Å). The sample chosen for investigation was Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4 since it has a high final decomposition temperature and a double plateau at low temperatures ( Figure 2 ). Essential experimental details are given in Supporting Information for the oxidation under flowing oxygen with structural data collected up to 500°C. Initially, data were collected for 5 min (5°C) intervals up to 350°C, conditions which were expected to yield a composition on the first low temperature plateau. Data were then collected for several extended periods (15 min) at 350°C before temperature ramping was continued up to 500°C. To minimize the effects of correlation between the O3 site occupancy and its isotropic displacement parameter (IDP), the IDPs for O1, O2, and O3 were constrained to be equal; in addition, Fe/Co site occupancy was constrained to 0.75/0.25, i.e., as weighed out. Typical raw neutron diffraction data (corresponding to 320°C) are shown in Figure 7a ,b, and the profiles corresponding to the final refinement for this temperature are shown in Figure 7c . Changes to important structural parameters are shown in Figure 8 .
Occupancy of the interstitial oxygen site, O3, increased with temperature (T) primarily in the range 200°C < T < 350°C ( Figure 8a ). On reaching 350°C, the O3 occupancy corresponds to an oxygen content of 4.40 (2) , in good agreement with the TGA value ( Figure 2 ) of 4.36 at the midpoint of the plateau. However, full oxidation of Fe 2+ to Fe 3+ can account for an oxygen content of only 4.25 pfu. The small discontinuity in the data at 350°C is a consequence of the isothermal measurements that were taken at this temperature. Figure 8a shows further increase in the O3 site occupancy (7) 3(1) 0.059 (4) a Anisotropic parameters (all × 100/Å 2 ): U 11 4.5(1), U 22 4.5(1), U 33 2.7(2); U 12 −2.4 (1) . between 350 and 500°C, but the slope for the uptake is reduced in this higher temperature region. It is important to note that all structural changes recorded in Figure 8 show a distinct discontinuity at approximately 350°C, which suggests a change in the oxidation mechanism at about this temperature. This was confirmed by other techniques, and details are presented later (sections 3.6 and 4). Figure 8b ,c shows changes to the unit cell parameters during the main oxidation (200°C < T < 350°C): a decreases, c increases, and the volume decreases. This behavior is very similar to that observed for increasing x in FeSb 2−x Pb x O 4 where the increase in c was attributed to enhanced cation−cation repulsion within the chains of octahedra resulting from the oxidation of Fe 2+ to Fe 3+ . 13 For T > 350°C, some oxidation continues (Figure 8a ), but the main changes to the unit cell appear to be thermal in nature and the volume increases with temperature. These data support the importance of oxidation of Fe 2+ to Fe 3+ at temperatures up to 350°C. Confirmation is provided by the decrease in the average Fe/Co−O bond distance within the octahedra, Figure 8d . Simple bond valence sum calculations, 19 based on oxidation of all the Fe 2+ present to Fe 3+ , show that the changes observed are compatible with such a process. Since no low-temperature oxidation of CoSb 2 O 4 occurs, Figure 2 , we conclude that facile oxidation of Co 2+ does not occur.
Figure 8e,f shows data with direct relevance to oxygen entering the channels. The change in distance between two Sb/ Pb cations immediately across a given channel is seen in Figure  8e and shows a substantial decrease of 7% (from 4.00 to3.73 Å); this is largely responsible for the contraction in the unit cell a parameter (Figure 8b ). The decrease in channel diameter is also consistent with the insertion of negative O 2− ions which can bond to the positive ions that form the channel walls, in this case Sb 3+ and Pb 2+ . Since oxidation of Pb-free schafarzikites display the same oxidation characteristics, lead cannot be actively involved in the oxidation mechanism, and the formation of Sb−O bonds must occur. This bond formation is consistent with the change in the average bond length for the three Sb/Pb−O1/O2 bonds, Figure 8f . In marked contrast to the Fe/Co−O distances (Figure 8d ), these bonds increase with the level of oxidation and cannot simply relate to oxidation of Sb 3+ to Sb 5+ . Although BVS estimates are not straightforward because of the partial substitution of Pb on the Sb sites, Figure  8f shows the predicted average bond distances derived from BVS calculations for this site when coordinated to both three and four oxygens. The calculations are weighted to include the contribution from Pb 2+ ions. The figure supports the hypothesis that oxygen enters the channels and bonds to Sb to form 4coordinate Sb 3+ . However, it must be remembered that not all Sb 3+ ions will be bonded to an extra O 2− ion, so the apparent quantitative agreement of the data in Figure 8f is partly coincidental.
The in situ structural examination gives significant information concerning the nature of the oxidation of Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4 and hence other related phases. It is clear that oxidation of cations within the chains of octahedra occurs, but the level of interstitial oxygen is higher than this mechanism can support; in this respect, the data endorse the results from TGA analysis. At this stage, two mechanisms remained plausible to explain the enhanced oxygen content for the materials oxidized without phase decomposition:
(i) Peroxide links occur across the channels, e.g., Sb−O− O−Sb as shown in Figure 6 ; (ii) Another oxidation process accompanies the oxidation of Fe 2+ to Fe 3+ . In order to resolve this uncertainty, additional information was sought from Raman spectroscopy, neutron PDF analysis, Mossbauer spectroscopy, NMR spectroscopy, and X-ray photoelectron spectroscopy (XPS); the results are discussed below and in Supporting Information.
3.4. Raman Spectroscopy. The best method to probe the existence of −O−O− bonds is Raman spectroscopy for which the O−O vibration is characterized by a band in the Raman shift range 750−850 cm −1 . 21 The parent material, FeSb 2 O 4 , has previously been studied, and the strongest band at 668 cm −1 was assigned to a Sb−O vibration with symmetry A 2g . 22 We have examined a range of materials oxidized by heating in oxygen as previously described (vide supra) but have not found any evidence for a vibrational band to support the presence of peroxide (or superoxide). Figure 9 , for example, shows spectra for Co 0.75 Fe 0.25 Sb 2 O 4 before and after oxidation. The spectrum of the initial material agrees well with that previously described for FeSb 2 O 4 , 22 whereas the oxidized material has broadened bands which often show shoulders. The principal Sb−O vibration shows such features which are to be expected because of the change in coordination of some of the Sb 3+ ions following oxidation. However, no band in the O 2 2− region (or at Figure 2 , Co 2+ oxidation cannot occur under the low temperature oxidation conditions employed. The preferential oxidation of Sb 3+ rather than Co 2+ is supported by the formation of the trirutile CoSb 2 O 6 (containing Co 2+ and Sb 5+ ). 23 Similarly, the synthesis of FePbBiO 4 (containing Fe 3+ and Pb 2+ ions) 24 and Pb 2 Sb 2 O 7 (containing Sb 5+ and Pb 2+ ions) 25 under oxidizing conditions illustrates that Pb 2+ ions are thermodynamically stable in the presence of Fe 3+ and Sb 5+ ions and will also remain unoxidized in the reactions under current discussion. The formation of Fe 4+ ions in the presence of Sb 3+ was considered highly unlikely, and the most plausible mechanism to explain the experimental obervations was one involving the simultaneous oxidation of Fe 2+ (to Fe 3+ ) and Sb 3+ (to Sb 5+ ) during the low temperature oxidation reaction. Since Mossbauer spectroscopy is the most powerful probe to determine Fe and Sb oxidation states, 57 Fe and 121 Sb Mossbauer spectra were collected to test this hypothesis. Although data were collected on a variety of materials, here we focus only on Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4 and its oxidized product for which we are able to compare results with those from the detailed in situ NPD data. Figures 10 and 11 show 57 Fe and 121 Sb Mossbauer spectra for the initial compound and the sample after oxidation in air at 350°C for 3 h, respectively. It can be seen that the absorption peaks from Sb 3+ are suggestive of more than one component, which may relate to various factors including quadrupolar effects and the presence of more than one Sb 3+ site postoxidation (vide infra). These are under investigation and will be reported later; for the present analysis, since the Fe and Sb oxidation states are of primary concern, the Sb 3+ absorption peaks have been fitted to a single site, but quadrupole splitting effects have been included. Table 4 gives the detailed Mossbauer parameters. The 57 Fe spectrum for the initial material, Figure 10a , suggests 58% Fe 2+ and 42% Fe 3+ based on the respective peak areas ( Table 4 ). Correction of these ambient temperature data for Fe 2+ and Fe 3+ Debye−Waller factor effects (using thermal factors for FeSb 2 O 4 13 and FePbBiO 4 24 ) results in the composition 62% Fe 2+ and 38% Fe 3+ , in reasonable agreement with the values expected for an initial composition of 0.50 Fe 2+ and 0.25 Fe 3+ pfu (67% Fe 2+ and 33% Fe 3+ ).
Full oxidation of Fe 2+ to Fe 3+ is indicated in the product of oxidation at 350°C, Figure 11a , but no evidence for higher oxidation states of Fe has been observed; the formation of Fe 4+ was therefore eliminated from the oxidation mechanism. The partial oxidation of Sb 3+ to Sb 5+ indicated in the 121 Sb spectrum in Figure 11b is therefore of major significance. The peak areas in the 121 Sb Mossbauer data recorded at 90 K, Table 4 , are necessary to provide a reliable estimate for the Sb 5+ concentration (18(5)%). The difference between this value and that deduced from the peak areas in the ambient temperature data (22(5)%) is expected because of the significantly higher Debye−Waller factor for the lower valent Sb 3+ ion (compared with Sb 5+ ) and the resulting lower recoilfree fraction at 300 K for Sb 3+ compared with Sb 5+ . At 90 K, the recoil-free fractions for both oxidation states are similar. For 18(5)% conversion of Sb 3+ to Sb 5+ (Table 4 ) and all Fe being present as Fe 3+ , the final composition would be Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4.57 (9) , which is in excellent agreement with the NPD data in Figure 8a which suggests an oxygen content of 4.50 pfu. The critical conclusion is that the oxidation process at 350°C does indeed relate to the oxidation of both Fe 2+ to Fe 3+ and Sb 3+ to Sb 5+ . We note that two Fe 2+ ions (0.50 pfu) are oxidized for one Sb 3+ (14.3% Sb corresponds to 0.25 Sb pfu), and this is discussed in detail later. Mossbauer data were also collected for a sample heated slowly to 500°C in oxygen, held for 1 h, and then slowly cooled; the results are given in Figure 12 and Table 4 . As expected, the Fe 2+ was fully oxidized to Fe 3+ (Figure 8a) ; after holding at 500°C for an hour it has risen to O 4.74 (2) . These three compositionsO 4.64 , O 4.74 and O 4.93 correspond to samples approximately at the beginning, middle, and end of the higher temperature plateau shown in Figure 2 , and the differences in composition can be attributed to kinetic factors. The Mossbauer data are therefore strongly supportive of a twostep low-temperature oxidation process (i.e., prior to full oxidation at temperatures > ∼600°C). These steps are reflected in the two low-temperature plateau regions that occur in the TGA plots ( Figure 2 ) and the difference in structural trends that are observed in the in situ NPD data below and above 350°C (Figure 8 ) and discussed in section 3.3. The oxidation processes relate to synchronous oxidation of Fe 2+ to Fe 3+ and Sb 3+ to Sb 5+ below ∼350°C (until all Fe 2+ is oxidized), and subsequent further oxidation of Sb 3+ to Sb 5+ at higher temperatures.
Inorganic Chemistry
3.6. 17 O NMR Spectroscopy. In order to obtain additional information concerning the nature of oxygen absorption, especially with respect to possible peroxide formation, 17 O NMR spectra were recorded for Fe 2+ -containing samples after oxidation in 17 O-enriched oxygen gas. To assist the interpretation of the spectra, the 17 O and 25 Mg MAS NMR data of the diamagnetic MgSb 2 O 4 and Sb 2 O 3 systems were also obtained and are shown in Figure 13 ; the measured NMR parameters and the associated GIPAW DFT calculated parameters are summarized in Table 5 . The variable B 0 field 17 O MAS NMR data of Figure 13a shows the presence of two resonances associated with the apical and equatorial positions in the MgSb 2 O 4 lattice; these are denoted as sites 1 and 2, respectively, and correspond to O1 and O2 in Figure 1 and Tables 2 and 3 Figure 1b . A comparison of the δ iso and P Q values elucidated from the variable B 0 field analysis of the data characterizing sites 1 and 2 (see Figure 13c ) with the corresponding calculated GIPAW DFT values demonstrates that only one of the O positions exhibits a good agreement between measurement and calculation. Furthermore, the 25 Mg δ iso , P Q , C Q , and η parameters measured from the data of Figure 13d Figure 14 are hyperfine shifted, presumably by contributions from both the pseudocontact shift and the Fermi contact interactions. These spectra exhibit broad characteristic anisotropies which are represented as manifolds of spinning sidebands that are usually associated with the pseudocontact shift contribution. Through the implementation of variable MAS frequencies the isotropic position of each sideband manifold has been determined. It is proposed that the narrow 17 O resonances at δ iso ∼ 2150 and ∼1850 ppm represent the high symmetry axial and equatorial oxygen environments of the framework which corroborates the NPD results. A substantial amount of labeled O is located in the channels and is responsible for the broad underlying component (span Δδ ≈ 0−4,000 ppm) that resides underneath the better defined spinning sideband manifolds (see Figure   14b −e). This observation is also supported by the NPD refinement, with the broad nature of this resonance indicating a clear lack of order in these channel O environments. A direct comparison of the 17 O MAS NMR data measured from diamagnetic MgSb 2 O 4 (see Figure 14a ) with the paramagnetic schafarzikite-related systems shown in Figure 14b −e indicates that the magnitude of the paramagnetic shifts and anisotropies are dependent on the nominal composition and the relative amounts of the paramagnetic Co 2+ , Fe 2+ , and Fe 3+ defining each system.
The NMR data therefore show significant 17 O substitution at the lattice O1 (apical) and O2 (equatorial) sites following short oxygen incorporation reactions. This indicates that oxide ion diffusion is occurring within the structural framework in addition to that within the channels. The broad signals from the channel sites prevent definitive characterization of their environment, but do not support the presence of peroxide bond formation.
3.7. Electronic Conductivity. Conductivity data were collected on pellets of Co 0.50 Fe 0.50 Sb 2 O 4 under three conditions: ramping up to 500°C in dry nitrogen; ramping up to 500°C in air and then cooling; ramping to 350°C under dry nitrogen and then switching the atmosphere to dry oxygen under isothermal conditions. The results are shown in Figure  15 . Figure 15a shows, in blue, the variation of the conductivity of the starting material with temperature (the heating is in nitrogen gas). The black lines/symbols show the major effects of heating in air: the oxidation begins at ca. 260°C and results in an increase in conductivity; the conductivity peaks at 330°C and then falls to a value below that of the starting material heated in nitrogen. This behavior reflects the increased electronic conductivity caused by the presence of both Fe 2+ and Fe 3+ ions and was seen previously for the system FeSb 2−x Pb x O 4 , 13 where the conductivity was highest for equal Fe 2+ and Fe 3+ concentrations. The same data plotted as log(conductivity) against 1000/T are shown in Figure 15b where the red lines are linear fits to the data prior to oxidation and on cooling of the oxidized product. The good fits indicate thermally promoted conduction with activation energies of 19.5(2) kJ mol −1 and 21.3(2) kJ mol −1 for the unoxidized and oxidized materials, respectively. The conductivity for Co 0.50 Fe 0.50 Sb 2 O 4 is approximately an order of magnitude lower than that reported for FeSb 2 O 4 , 13 which suggests that electron migration primarily involves Fe 2+ . Figure 15b shows that the conductivity of the oxidized phase, Co 0.50 Fe 0.50 Sb 2 O 4+y , is lower than that for Co 0.50 Fe 0.50 Sb 2 O 4 by a factor of about 5.
Since the conduction will be dominated by the chains of octahedral transition metals, this is probably linked to the expansion along [001], the chain direction, during oxidation and the resulting effect on Fe−Fe separation. It should be noted that the small discrepancy between the measurement in nitrogen and the low temperature measurement in air can be traced to a significant difference in pellet densities: 50% for the pellet in air cf. 77% for the pellet in nitrogen. Figure 15c reports data for subsequent isothermal oxidation at 350°C of the pellet that had previously been heated in nitrogen to provide the data (in blue) shown in Figure 15a ,b. The data are recorded against time after the gas was switched from nitrogen to oxygen. After an initial delay corresponding to gas diffusion in the system, virtually complete pellet oxidation is achieved after approximately 7 min. This rapid reaction suggests the likelihood of high oxide ion mobility for the interstitial ions within the channels of these materials. 
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DISCUSSION
The NPD and TGA data clearly indicate that low-temperature oxidation of schafarzikite materials that contain both Fe 2+ and Sb 3+ is associated with oxygen entering the channels and bonding to Sb 3+ ions. However, the level of oxygen incorporation is greater than that corresponding to oxidation of Fe 2+ to Fe 3+ within the octahedral chains. Moreover, the data consistently suggest that for Fe 2+ concentrations of <0.5 pfu in the unoxidised samples, the oxygen uptake is ca. twice that expected. Mossbauer spectra reveal that charge balance associated with the extra oxygen content is provided by oxidation of Sb 3+ to Sb 5+ . To examine the change in oxidation states of all four cations in Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4 , XPS data were collected but the changes observed were insufficient to resolve the details of the redox reactions. However, oxidation of neither Co 2+ nor Pb 2+ is plausible as discussed in Section 3.6. With respect to the formation of Sb 5+ ions, it is relevant to note that an attempt to partially substitute Sb 3+ by Pb 2+ in MnSb 2 O 4 11 resulted in oxidation of Sb 3+ rather than the desired Mn 2+ , and the resulting Sb 5+ ions entered the octahedral sites by replacing some of the Mn 2+ ions. This possibility was rejected for the oxidations studied here for two reasons: (1) substitution of Sb 5+ ions in the chains of octahedra would result in significant impurity phases; (2) PXRD and NPD are both sensitive to such mixing and both confirm that no detectable substitution of Sb within the chains occurs. The Sb 5+ ions therefore remain on the channel walls, and it is therefore important to consider how the insertion of oxygen ions into the O3 sites can satisfy the very different stereochemical preferences of Sb 3+ and Sb 5+ ions.
For the oxidation of Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4 , the first low temperature plateau corresponds closely to oxidation of all Fe 2+ to Fe 3+ (0.50Fe 2+ forming 0.50Fe 3+ ) and the simultaneous oxidation of 0.25Sb 3+ to 0.25Sb 5+ ; this would correspond to an oxygen content of 4.50 pfu which is close to that determined by TGA, NPD, and Mossbauer spectroscopy. To consider the likely environment for Sb 5+ , it is informative to explore in more detail the local environment of the O3 site. As shown in Table  3 , each O3 is close to two adjacent Sb sites with Sb−O3 distances of 1.91 and 2.30 Å. BVS considerations require an average Sb−O distance of 1.97 Å in the unoxidized phase, less than the observed value of 2.10 Å (Figure 8f ) because the larger Pb 2+ ion occupies the same site. An additional bond at 2.30 Å Figure 16 and is based on the average atom coordinates given in Table 2 from the high resolution NPD data for FeSb 1.25 Pb 0.75 O 4+y . Figure 16 shows that the spatial coordination of O3 retains space for the lone pair on the 4-coordinate Sb 3+ ion whose stereochemistry can be related to a trigonal bipyramid, SbO 4 E, where the lone pair (E) occupies an equatorial position. Sb 5+ , on the other hand, is 5coordinate with a structure that can be described as either distorted square pyramidal or distorted trigonal bipyramidal. Sb 5+ ions are normally octahedral in extended oxide structures, but a similar distorted geometry has previously been suggested 
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Article in Sr 2 MSbO 5.5 (M = Ca, Sr, Ba). 31 We can use the BVS model for 3-coordinate Pb 2+ ions (predicted Pb−O bond 2.262 Å) 19 to estimate Sb−O distances from the average bond distances in Figure 8 , the cluster discussed above can fully explain the oxidation up to 350°C, where the O3 site occupancy corresponds to an oxygen content of 4.5 pfu. At this point, oxidation of all the 0.50 Fe 2+ in the compound provides 0.25 interstitial O, and oxidation of 0.25Sb 3+ to Sb 5+ contributes the same amount. This is fully supported by the Mossbauer spectra. However, it is clear from Figure 8 that oxidation continues at higher temperatures, albeit to a lesser extent. Although the structural data currently available do not allow a definitive answer to the nature of this process, it is noted that each of the 4-coordinate Sb 3+ ions which terminate the cluster shown in Figure 16 could be oxidized to Sb 5+ and be bonded to an additional O3 ion (with short Sb−O bond) which would then create a new 4-coordinate Sb 3+ ion at the end of the chain. We would expect this chain extension to cause minor changes to the existing O3 atoms shown in Figure 16 , but these would not be apparent in the structure refinements discussed here. However, the changes seen in Figure 8 for temperatures above 350°C are significant and indicate a change in mechanism for the oxidation process. This also manifests itself in Figure 2 where TGA data display a second plateau at temperatures above 350°C. The Mossbauer data collected for a sample after extended heating at 500°C, Figure 12 , indicate a composition that is located on this plateau.
It is acknowledged that the formation of the proposed clusters will be restricted by the random distribution of Pb 2+ on the Sb 3+ sites. However, statistically the effect would be small for the materials studied here. For example, for Co 0.25 Fe 0.75 Sb 1.75 Pb 0.25 O 4 , bonding an inserted O3 ion to a given Sb would allow further bonding to one of two possible sites that would then become Sb 5+ . Each of the two sites has a 12.5% probability of being occupied by Pb, which corresponds to a probability of only 1.6% that they would both be occupied by Pb. The Sb 5+ can then bond to only one Sb 3+ (probability 12.5% Pb) since it can form only two bonds at 1.91 Å. Overall, the probability that the O3 ion can form the chain shown in Figure 16 is 86%. Of course, as more clusters form, the probability of creating new clusters will gradually decrease.
The electronic conductivity data in Figure 15 provide a means of monitoring the oxidation of Fe 2+ ions to Fe 3+ , since the conductivity is a maximum when the amounts of these species are equal. Unfortunately, the three-dimensional conductivity of these materials is not high, and it would be very useful to produce single crystals to allow determination of the anisotropic nature of the conductivity. It would also be interesting to synthesize and characterize materials containing some second/third row transition metal ions into the chains of octahedra in an attempt to enhance the conductivity.
The temperature at which oxidation is rapid suggests that oxygen diffusion within the channels of oxidized schafarzikite phases is high at low temperatures, but it is not straightforward to quantify this because of the electronic component and the difficulty in achieving high quality sintered ceramic samples owing to sample instability above ∼500°C. Further studies in this area are ongoing and will be reported separately. Nevertheless, the existence of molecular sized channels within the structural framework, and the incorporation of interstitial oxygen within them, suggests that materials with this general structure have potential as oxidation catalysts and electrocatalysts. In this respect, the wide range of transition metal cations that can be contained within the chains of octahedra could provide a means of broadening the range of catalytic potential. Examination of cations such as Ru 4+ and Pt 4+ would be of particular interest because of the possible enhancement to electronic conductivity. The materials studied here may also have high oxide ion conductivity, but their high relative molecular mass and toxicity are a limiting factor for their use in many energy applications.
CONCLUSIONS
This study has revealed that phases related to FeSb 2 O 4 undergo a unique low temperature oxidation in air or oxygen: simultaneous oxidation of Fe 2+ to Fe 3+ and Sb 3+ to Sb 5+ occurs, and charge balance is achieved by oxide ions entering the structural channels and bonding to Sb in the channel walls. The resulting Sb 5+ ions remain in the channel wall sites to provide a mixture of Sb 3+ and Sb 5+ . It is not simple for the interstitial oxide ion site to satisfy the bonding requirements of both Sb 3+ and Sb 5+ , but cluster formation achieves a stable local configuration comprising one 5-coordinate Sb 5+ ion, two interstitial O 2− ions, and two 4-coordinate Sb 3+ ions. Moreover, it also rationalizes all other experimental observations. At present, the electronic conductivity of schafarzikite materials is not high, but the rapid oxidation/insertion reaction that occurs at ∼350°C suggests that the interstitial O 2− ions may have high mobility. Improvement of the electronic component of conductivity should provide interesting possibilities for elctrocatalyst behavior of materials with this structure, e.g. as cathodes for low temperature devices such as fuel cells and ceramic oxygen generator membranes. 
